Daylight is the strongest synchronizer of human circadian rhythms. The circadian pathway hypothesis posits that synchrony between daylight and the circadian system relates to (in)attention. The dopamine neurotransmitter system is implicated in regulating the circadian system as well as in (attention)-deficit hyperactivity disorder [ADHD]. We studied the role of functional genetic variation in the gene encoding of dopamine-receptor-D4 (DRD4) in the relationship between inattention and seasonal daylight (changes). Gene-by-environment (GxE) mega-analyses were performed across eight studies including 3757 adult participants (with and without ADHD). We tested 1) the Spring-focus hypothesis, in which attention in 7R-carriers normalizes with increasing daylight levels preceding measurement, 2) the Summer-born ADHD hypothesis, in which 7R-carriers report more inattention when born in spring/summer than in autumn/winter, 3) the Winter-born ADHD hypothesis, opposing the second hypothesis. The Spring-focus hypothesis was upheld (1386 ADHD, 760 controls; d=-0.16 between periods); 7R-carriers reported even less inattention than 7R-non-carriers after winter solstice (d=0.27 between genotype-groups). Results were diagnosis-independent. Sensitivity analyses at individual study level confirmed the circannual patterns for 7Rcarriers. Incorporating geographic changes into the independent measure, we also calculated changes in sunlight levels. This approach likewise showed that inattention correlated negatively with increasing light levels in 7R-carriers (r=-.135). Results emphasize peripheral effects of dopamine and the effects of (seasonal) daylight changes on cognition.
INTRODUCTION The circadian pathway
Daylight is the strongest synchronizer of human circadian rhythms. When daylight reaches the retina, it provides the internal clock system [suprachiasmatic nuclei (SCN)] with information about the time of day, thereby leading to daylight entrainment (1) . Even modest misalignment of the internal clock from sleep/wake behavior can result in poorer sleep quality (2) . Several lines of evidence support the idea that sleep deprivation or extended wakefulness is accompanied by a variety in alteration of dopamine signalling (3) . Furthermore, shortened sleep duration has been shown to be associated with inattention in healthy individuals (4) (5) (6) as well as in people with attention-deficit/hyperactivity disorder (ADHD) (7, 8) . Multiple studies using various methods have shown that a majority of individuals with ADHD suffer from a circadian phase delay (9) (10) (11) (12) , with a prevalence as high as 78% in adults (12) .
Light-emitting diodes (LED) and the increase in time spent on electronic devices such as computers, smart phones, and tablets compete with daylight as the primary cue that entrains the biological clock to a 24-hour (24h) rhythm. The 'circadian pathway' hypothesis posits that artificial blue light exposure in the evening delays sleep onset, thereby reducing sleep duration, which, in turn, results in increased symptoms of inattention (13, 14) . Each step in this pathway has recently been confirmed in a sample of school-aged children with ADHD (14) . The phase-delaying effects of artificial blue light exposure in the evening can be counteracted by intense natural light in the morning (15) , when our circadian clock is most sensitive to entrainment to the 24h rhythm (16) .
Exposure to intense natural light in the morning is more common in geographic areas characterized by high sunlight intensity. Prevalence rates of ADHD are lower in these areas compared to those with less sunlight intensity (17, 18) .
Gene-specific responses within the circadian pathway
Although many environmental risk factors for ADHD have been studied (19) , circannual factors such as (changes in) daylight exposure alone and its interaction with genotypic variation have scarcely been examined. Genotypic variation alone has been investigated in relation to ADHD, one of the first discoveries was an association with the 7-repeat (7R) allele of the DRD4 gene. This gene has a complex polymorphism in a coding region (exon 3) based on the 48-bp tandem repeats (VNTR), with common alleles defined by 4-repeats (4R), 7repeats (7R), and 2-repeats (2R) in the population. The first studies [a population-based study (20) and a fail-based study (21) ] reported an increased frequency of the 7R allele in children with ADHD, which was subsequently replicated in many studies and multiple meta-analyses (22) . Arns et al. (18) proposed that the DRD4 gene may mediate the earlier observed relationship between sunlight intensity exposure and ADHD prevalence rates. The D4 receptor is thought to be involved in converting light to neuronal signals in the retina (23), and its transcription exhibits a strong circadian pattern in rodents (24) . Cells in the retina that respond to light (photosensitive retinal ganglion cells, pRGCs) express the photopigment melanopsin, and primarily project to the internal clock system (SCN). Stimulating the SCN activates the second messenger cyclic adenosine monophosphate (cAMP), which advances or delays the internal clock (25) . Both light and dopamine have an influence on cAMP activation and subsequently on melatonin synthesis (26) . With light-sensitive cAMP being an important component of the cyclic rhythmicity of the SCN (27) , variation in its formation will affect circadian clock functioning. Asghari et al. (28) showed that rodent ovary cells overexpressing the DRD4 7R allele displayed a fluctuation in cAMP that was about twofold reduced compared to other, more common DRD4 alleles (i.e., 2R and 4R). A study in nearly 700 humans also provided some indication that 7R-carriers reported higher daytime sleepiness than non-carriers (29) , further suggesting a relationship between DRD4 and circadian clock functioning.
The current study focused on genotypic variation in the DRD4 gene. Based on the work of Asghari et al (28) , we initially hypothesized that individuals carrying the DRD4 7R allele (7R-carriers) may be less sensitive to light. However, VanderLeest et al. (30) showed that the circadian clock response to light was enhanced in (non-genotyped) rodents in controlled lightdark cycles, by exposing them to short photoperiods (analogous to human exposure to short winter days) (30) (31) (32) . In line with these findings, prior light exposure also was shown to alter the way in which the circadian clock aligned to the day/night cycle in humans (33) . This led to our spring-focus hypothesis (Figure 1a ), in which we posit that the circadian clock response to light of 7R-carriers normalizes during a period of increasing light exposure. Studying inattention as an endpoint of the above described 'circadian pathway' (13, 14) , 7R-carriers would be expected to show less inattention in the months following winter solstice, characterized by increasing light exposure. 7R-non-carriers would be expected to be less vulnerable to such subtle seasonal changes in light exposure.
Circadian pathway development
In addition to the acute effects of fluctuation in light exposure, intensity of and seasonal changes after birth have been hypothesized to have phase-sensitive learning effects (also termed 'imprinting') on the circadian system (34) (35) (36) ; such phase-sensitive effects have been confirmed for heart rate variability in adulthood (37, 38) . Likewise, the early lighting environment is thought to shape later adult circadian rhythms (39) . After birth, the circadian clock needs to be entrained to exactly 24 hours to prevent misalignment with the external environment, with measurable biological rhythms emerging between 6-18 weeks after birth (40) . The effect of seasonal changes in daylight exposure after birth has been studied by comparing chronotypes [morningness (being most active and alert in the morning) and eveningness (being most active and alert in the evening)] in healthy individuals. Eveningness is more likely to occur in individuals born in spring/summer compared to those born in any other season (34, 35, 41 ). Yet, another study highlighted more specifically the importance of changes in daylight, where eveningness was more common in individuals born in months mostly associated with increasing day length (February to April [August to October in the Southern hemisphere]) compared to months associated with long, decreasing, or short day length (36) . Acute effects of sunlight exposure that occur throughout the lifespan may still modulate the enduring effects of phase-sensitive learning after birth. How light environment following birth may shape attentional functioning through circadian system development is yet to be investigated.
Genotype-specific responses within circadian pathway development
If individuals carrying the DRD4 7R allele convert light to neuronal signals in a different way than individuals possessing other DRD4 alleles, one could hypothesize that the phasesensitive learning process after birth may be partly genetically determined. Indeed, based on 64 patients and 163 healthy individuals, Seeger and colleagues (42) reported that carrying a DRD4 7R allele and being born in spring/summer resulted in a 2.8-fold higher likelihood of children being diagnosed with 'hyperkinetic disorder' (overlapping with ADHD) compared with 7R-non-carriers. This led to the summer-born ADHD hypothesis, which posits that 7Rcarriers born in spring/summer have higher inattention ratings than those born in autumn/winter, while this difference would not be observed in 7R-non-carriers ( Figure 1b Figure 1b ).
Mega-analyses
We conducted mega-analyses -also referred to as individual participant data (IPD) metaanalyses -across eight studies including 3757 participants in total, to evaluate the three above-mentioned hypotheses (the spring-focus hypothesis, the summer-born ADHD hypothesis, and the winter-born ADHD hypothesis) in acute seasonal effects at date of measurement (state) and phase-sensitive learning after date of birth (trait), as depicted in Figure 1 (a and b). The consistency of a relationship between sleep duration and inattention between healthy individuals (4-6) and individuals with ADHD (7, 8) suggests that this relationship is irrespective of diagnosis. Instead of studying the diagnosis of ADHD, we here used an approach covering inattention levels from clinical levels in ADHD patients to levels observed in healthy individuals, which is a more dynamic phenotype that allows for population level variability and may be potentially closer to the hypothesized 'circadian pathway' (13, 14) . To reduce heterogeneity, analyses focused on 18-50 years, as previous research showed a rapid shift in circadian typology from morningness to eveningness with increasing age in adolescents (36, (44) (45) (46) (47) , returning back in the years after that (48) . From around the age of 50, even further phase advancing is observed (48) .
MATERIALS/SUBJECTS AND METHODS

Contributing studies
Studies were identified through the IMpACT consortium and connected research projects and The analyzed sample comprised eight studies (Table 1 and Figure 1c ,1d). Each participating study had approval from its local ethics committee to perform the study and to share deidentified, anonymized individual data. Data requests for most studies required a study proposal, thereby having documented the to be included data in advance.
Inclusion criteria were 1) age range between 18 and 50 years, 2) the availability of the information per participant of: a) self-rated DSM-based inattention ratings, b) DRD4 VNTR genotyping, c) date of birth, d) the location of measurement, e) sex, f) (for the date of measurement analyses) the date of inattention rating.
Data selection
Individual-level data from eight studies were pooled and jointly analyzed. We applied a onestep approach, where the individual data points from all of the studies (i.e., sites) were fitted together in a single model. Each of the three hypotheses was tested in an individual model using this one-step approach. The total merged sample size was 2146 participants (1386 ADHD, 760 controls) for the test of date of measurement effects and 3757 participants (2253 ADHD, 1504 controls) for the test of date of birth effects. All participants were of Caucasian origin. Inattention ratings were z-transformed per study as well as per group (controls and ADHD patients) to harmonize different scales employed in each study and different variance distributions due to the inclusion of one or both groups per study. Sensitivity analyses were performed by fitting individual data points per study. 
Statistical Analyses
Analyses were first performed on the full sample, then split by ADHD cases and controls, and, finally, compared between these groups. The distributions of inattention measures of the total merged sample mildly violated a Gaussian distribution. Since analyses of variance (ANOVA's) tend to be quite robust to mild violations of the Gaussian assumptions and limit false positive findings (49), we continued with these parametric tests.
Comparison of inattention between previously defined season periods -of birth or of Circannual variation was also tested using non-linear curve fitting (see supplement).
Robustness of the results was tested by comparing similarity of the circannual patterns between studies. For these tests, we used an alpha set on p=.1 (in this case being stricter than a lower p-value, since we here expect a lack of difference between studies, hence a nonsignificant outcome). Table 1 in the method-section describes the included studies. Table 2 provides descriptives of the participants.
RESULTS
Generally, females reported significantly more inattention (0.11±0.98) than males (-0.10±1.00) (t(3755)=-6.545, p<.001). Hypothesis-testing was therefore also performed with sex added as factor. Sexes did not differ on the number of 7R-carriers within the group (X 2 (1,3757)=0.681, p=.409). There was no significant correlation between age and inattention within the selected adult age-range of 18-50 years (r=.012, p=.463). Note that controlling for study (i.e. study locations) would also mean controlling for geographical differences in sunlight exposures and changes herein. Therefore, to take into account the inclusion of different sites, we conducted post-hoc sensitivity analyses. difference in 7R-non-carriers ( Figure 1b ). Extrapolating from Brookes et al. (43) , DRD4 7Rcarriers born in autumn/winter were hypothesized to have more inattention than those born in spring/summer, with inattention levels independent from season of birth in 7R-non-carriers ( Figure 1b ). An ANOVA showed that inattention in 7R-carriers did not significantly vary between seasons 
Sensitivity analyses
Because the results favor the spring-focus hypothesis, sensitivity analyses were performed to test GxE interaction effects on inattention by fitting individual data points for study-specific models ( Figure 2 ). As can be seen in Figure 2 fit for Norway study). The grey shaded area indicates the period between summer-and winter solstice, the non-shaded area indicates the period between winter-and summer solstice, adjusted towards seasonality of the Northern hemisphere. A Loess Fit visualizes variation in the data by nonlinearly comparing data to its neighbouring data. Note that this procedure does not take into account the neighbouring of the last and first day of the year. NB: a more negative value implies less inattention, i.e., better attention.
Sunlight exposure
For each site, solar irradiation (SI) was calculated per month using "meteonorm 7"
(http://www.meteonorm.com/en/downloads). Interpolation of data from weather stations surrounding location of the study was used (supplement , Table S1) 
DISCUSSION
In our mega-analyses, we systematically studied inattention and the relation with date of birth or date of measurement as a function of being a DRD4 7R-carrier or 7R-non-carrier in participants with and without ADHD. We tested three a priori postulated hypotheses described in Figure 1 . of DRD4 on central nervous system level cannot be ruled out at this time. We earlier also observed a lack of circannual pattern in inattention using non-genotyped data, expectedly consisting mainly of 7R-non-carriers (58) . Surprisingly, 7R-carriers did not increase to a normal level after winter solstice, but to a level better than 7R-non-carriers. These results indicate that carrying the DRD4 7R genotype is rather beneficial for attention under certain environmental conditions. The 7R polymorphism has been proposed as one of the genetic risk factors for ADHD (22) . In line with the current findings, Sánchez-Mora et al (54) had already demonstrated that the effect of the number of stressful life events on inattention scores was stronger among 7R-non-carriers than 7R-carriers. Note however, that ratings by others are needed to exclude the possibility that 7R-carriers and 7R-non-carriers report their inattention differently. Furthermore, in line with the relationship between sleep deprivation and inattention found in both healthy controls (4-6) and ADHD cases (7, 8) , we observed that the DRD4 7R genotype affected inattention regardless of ADHD diagnosis and sex.
Following the circadian pathway, we expect sleep to mediate the relationship between light exposure and inattention ratings. Still, an opposite circannual pattern to that expected based on the current pattern in inattention, was found in sleep duration in a dataset of nongenotyped healthy individuals (59) . Following this pattern in sleep duration, the spring period in which we now found 7R-carriers to have better attention than in the remaining year, would be characterized by a decrease in sleep duration compared to the preceding winter period rather than an increase that would benefit attention. This discrepancy in pattern even further supports the gene specificness of the current findings. This study should be viewed in light of some strengths and limitations. Major strengths are the a priori defined inclusion criteria and generated hypotheses, preventing data mining, as well as the inclusion of the full span of inattention ratings from clinical levels in ADHD patients to levels observed in healthy populations. Also, the sensitivity analyses in which we compare data from the different studies -which can be viewed as replications -strengthens the results. Although we described a very interesting genetic susceptibility of DRD4 7Rcarriers to seasonal changes (in daylight), the reported effects explain only a small portion of inattention ratings with small effect sizes as could be expected based on the multifactorial nature of the phenotype. We only studied inattention based on a priori hypotheses, but thereby did not study specificity of the results. For instance, large changes in solar irradiance are also associated with increased suicide attempts (62) (63) (64) , and could provide an opening for further research. Furthermore, we only studied a GxE interaction, without taking into account possible gene by gene (GxG) interactions. Such interactions may be especially relevant in DRD4 studies since dopamine D4 and D2 receptors are able to form heteromers and this heteromerization is influenced by genetic variants in DRD4 (48-bp VNTR) and DRD2 (rs2283265) (65, 66) . Unfortunately, very few samples have information on both DRD4 VNTR and rs2283265 precluding considering their interaction in meta-analyses. Finally, the merged sample was derived from different studies with varying study aims, methods of genotyping (albeit the different IMpACT studies and BIG all followed the same protocol), inattention operationalization, which could be viewed as both a strength (in generalizability) as well as a weakness (due to increases in variance). Conceivably, the large variance could have interfered with finding significant evidence for the hypotheses derived based on the work by Seeger and Brookes; however, it would not impugn the significant evidence for the Spring-focus hypothesis. Sensitivity analyses (Figure 2 ) demonstrated the consistency of the found results.
In summary, this mega-analysis demonstrated a study-consistent, diagnosis-and sexindependent, DRD4 genotype-specific circannual variation in inattention with better ratings in periods after winter solstice (i.e. increasing solar irradiance) than other times of the year only in individuals that were DRD4 7R-carriers. ADHD has traditionally been described in terms of cognitive pathways (e.g., (67) We wish to thank all persons who kindly participated in all the included studies.
